A differential space-time block code (DSTBC) modulation scheme is used to improve the performance of DS-CDMA systems in fast time-dispersive fading channels. The resulting scheme is referred to as the differential space-time block code modulation for DS-CDMA (DSTBC-CDMA) systems. The new modulation and demodulation schemes are especially studied for the down-link transmission of DS-CDMA systems. We present three demodulation schemes, referred to as the differential space-time block code Rake (D-Rake) receiver, differential space-time block code deterministic (D-Det) receiver, and differential space-time block code deterministic de-prefix (D-Det-DP) receiver, respectively. The D-Det receiver exploits the known information of the spreading sequences and their delayed paths deterministically besides the Rake type combination; consequently, it can outperform the D-Rake receiver, which employs the Rake type combination only. The D-Det-DP receiver avoids the effect of intersymbol interference and hence can offer better performance than the D-Det receiver.
INTRODUCTION
The performance of wireless communications systems can be increased drastically by exploiting the spatial diversities offered by multiple transmit and receive antennas in fading channels [1] . Traditionally, research work in spatial diversity mainly focused on the receiving diversity. In fact, receive antenna diversity is being used in base stations to improve the reception in current cellular systems, whereas transmit diversity is just beginning to attract attention [1] .
Recently, Alamouti [2] proposed a simple and useful transmit diversity scheme to improve the overall performance of wireless communication systems in flat fading channels. This scheme is one of many interesting techniques emerging in the field of space-time coding, a new coding and signal processing technique that is designed for use with multiple transmit antennas (cf. [1] and the references therein). It introduces temporal and spatial correlation into signals transmitted from different antennas to provide transmit diversity and coding gain over an uncoded system. However, Alamouti's method as well as many other transmit diversity schemes, such as those in [3, 4] , are based on the assumption that perfect channel state information (CSI) is available at the receiver. Although training is a feasible way to obtain CSI when the channel is stationary or changes slowly, it will incur excessive overhead or even fail when the channel experiences fast fading. (Third-generation European cellular standards are required to operate on trains with a speed of up to 500 km/h [5] .) In view of this, differential space-time modulation (DSTM) schemes were introduced as extensions of the traditional differential phase shift keying (DPSK) [6] in flat fading channels [5, 7, 8] . DSTM schemes obviate the need for channel estimation at the receiver, while maintaining the desired properties of space-time coding techniques. By combining the merits of the DSTM scheme and the spread spectrum technology, a differential space-code modulation (DSCM) scheme was devised to combat unknown interference and jamming in flat fading channels [9] .
More recently, space-time block codes (STBC) based differential space-time block code (DSTBC) modulation scheme was proposed in [10] . DSTBC has the same diversity gain as but offers higher coding gain than the unitary group code based DSTM schemes. This is not surprising in view of the fact that STBC is optimal in terms of SNR [11] . Moreover, the decoding of the DSTBC modulation scheme is more efficient than for the DSTM schemes, especially for large constellations, since the former allows for a decoupled linear detection, with which it is to detect each information symbol separately.
In this paper, we combine the merits of DSTBC and the spread spectrum technology to propose a new modulation scheme to improve the performance of DS-CDMA systems in fast time-dispersive fading channels. This scheme is referred to as the differential space-time block code modulation for DS-CDMA (DSTBC-CDMA) systems. The new modulation and demodulation schemes are studied for the down-link synchronous transmission of DS-CDMA systems with multiple antennas at both the base station and mobile units, operating in fast time-dispersive fading channels. We devise three demodulation schemes, referred to as the differential spacetime block code Rake (D-Rake) receiver, differential spacetime block code deterministic (D-Det) receiver, and differential space-time block code deterministic de-prefix (D-Det-DP) receiver. By making use of a two-step least-square (LS) fitting approach, the proposed modulation and demodulation schemes yield simple receivers.
We demonstrate with simulation examples that the DDet receiver can perform better than the D-Rake receiver in that the former can offer lower bit-error-rate (BER), especially for moderate to high SNR. The reason is that the D-Rake receiver employs the Rake type combination only, whereas the D-Det receiver not only employs the Rake type combination, but also exploits the known information of spreading sequences and their delayed paths deterministically. Since the D-Det-DP receiver avoids the effect of intersymbol interference by discarding the data samples corrupted by the intersymbol interference, it can offer better performance than the D-Det receiver. We note that the superiority of the D-Det and D-Det-DP receivers over the D-Rake receiver is not due to the number of transmit antennas; this means that even when we have only one transmit antenna, using every spreading sequence including all of their delayed versions deterministically is still a better choice than the Rake type receiver.
The rest of the paper is organized as follows. Section 2 briefly reviews the DSTBC modulation scheme. Section 3 describes the DSTBC-CDMA scheme. Three demodulation approaches, namely the D-Rake, D-Det, and D-Det-DP receivers, are given in Section 4. Simulation results are presented in Section 5. Finally, we deliver our comments and conclusions in Section 6.
REVIEW OF DSTBC
To facilitate our presentation, we first briefly review the DSTBC modulation scheme of [10] . Let M, N, L, and P denote the number of transmit antennas, the number of receive antennas, the time length of a space-time block code, and the number of symbols transmitted during L time samples, respectively. Let C k be the kth M × L space-time block code matrix to be transmitted by the M antennas over L time samples (transmitted column by column). For simplicity, we only consider the case of M = L (see [10] for more general cases). In this case, C k satisfies
where (·) H denotes the conjugate transpose, I M is an M × M identity matrix, and
with G k being the kth M × M information carrying matrix.
. . , P, be, respectively, the real and imaginary parts of s k,p , the pth information symbol of the time block k, which is an element of a unitary constellation
We have
where A p , B p , p = 1, 2, . . . , P, are the space-time coding matrices obtained from the theory of orthogonal designs and amicable orthogonal designs [12, 13] , which have the following properties:
It can be shown that [10]
when the above properties hold. The data rate is
where |Ꮿ| denotes the number of elements in Ꮿ. For example, for M = L = P = 2,
is a set of matrices satisfying the above properties. Note that this set of matrices represents the Alamouti code [2] . Let H ∈ C N×M be the fading matrix in a flat fading environment and let E k ∈ C N×L be the additive noise matrix. The array received data matrix Y k ∈ C N×L has the form
where H is assumed to be a deterministic unknown matrix and the elements of E k are assumed to be independently and identically distributed complex Gaussian random variables with zero-mean and variance σ 2 . The channel fading matrix H is assumed to be the same for Y k−1 and Y k . Then the maximum likelihood (ML) differential receiver is given by [10] s k,p = arg max
where Re{·} denotes the real part of the argument and tr(·) denotes the trace of a matrix. Note that the detection of the P symbols {s k,p } P p=1 is decoupled.
DSTBC-CDMA MODULATION
The above DSTBC modulation scheme can be readily modified for the down-link synchronous transmission of DS-CDMA systems, where multiple transmit antennas are easy to deploy at base stations. In view of this, we consider the down-link case only in this paper though the schemes proposed herein can be applied to the up-link case as well. Let U be the number of synchronous down-link users, and C k,u ∈ C M×L be the space-time block code matrix for user u, u = 1, 2, . . . , U, at the kth time block (the time interval used to transmit U space-time matrices simultaneously). By using L spreading sequences to spread the L columns of C k,u (to transmit the L columns simultaneously) for each user and by using different spreading sequences for different users (to transmit the space-time codes of all of the users together), we have the new modulation scheme-DSTBC-CDMA. At the jth time sample of the kth time block, the transmitted signal is
where J is the length of the spreading sequences and {d u ( j) ∈ C L×1 , j = 1, 2, . . . , J} are the L unit-energy spreading sequences for the uth user. (Note that we do not constrain the spreading sequences to be short ones and hence this scheme is also applicable to long sequences.) The information carrying matrix
is related to C k,u and C k−1,u as follows:
We consider herein the case that each user knows the spreading sequences of all other users; the confidentiality of the different users can be done by other means such as encryption. We consider time-dispersive fast fading channels by modeling the channel impulse response as a finite impulse response (FIR) filter with length L f [14] and assume that the code-timing is known. Let y k,l f ( j) denote the jth sample of the receiver output (noise free) of the l f th tap of the FIR filter, l f = 0, 1, . . . , L f − 1, at the kth time block. Then (13) where H l f ∈ C N×M is the deterministic unknown channel matrix of the l f th tap between the N receive antennas and the M transmit antennas. Note that all users have the same channel in the down-link transmission. The output of the receiver antenna is
where
with (·) T denoting the transpose, and e k ( j) denotes the additive zero-mean white complex Gaussian noise vector with covariance matrix σ 2 I plus the intersymbol interference (ISI) due to transmitting C k−1 .
DEMODULATION SCHEMES
We obtain below three different demodulation schemes, that is, the D-Rake, D-Det, and D-Det-DP receivers for the symbol detection.
The D-Rake receiver
By employing the tap-delay expression, we can stack up the L f vector outputs of (14) into a larger vector as
. . .
In (16), we have lumped all but thel f th path of each signal intoẽ k,l f ( j). Note that for some j andl f ,ẽ k,l f ( j) also contains the tails of the previous modulated space-time codes C k−1 or the heads of the following modulated space-time codes C k+1 . Let
By denoting
we have the following data matrix:
By assuming that the channel matrix H remains constant while transmitting two adjacent space-time codes C k−1 and C k for all users, we consider the LS approach for the detection of {s k,u,p } u=1,...,U,p=1,...,P . Since the noise and interference termẼ k is not white, the LS fitting approach is different from the exact ML estimator, which is hard to obtain. Consider first the direct use of the LS fitting approach:
where ⊗ denotes the Kronecker matrix product [15] and · F is the Frobenius norm. For this case, we could concentrate out H and then minimize the cost function with respect to {s k,u,p } u=1,...,U,p=1,...,P . However, the detection of {s k,u,p } u=1,...,U,p=1,...,P would not be decoupled and hence would require an exhaustive search, which is impractical when U and P are large. To decouple the detection of {s k,u,p } u=1,...,U,p=1,...,P , let
We first determine the estimateF k of F k by using the following LS fitting approach:
which givesF
is the pseudo inverse of D. Note that we have used the assumption that DD H is of full rank (a necessary condition for this is that LU < J) in the above derivation, which can be guaranteed by controlling the number of users in the DSTBC-CDMA systems.
Next, by exploiting the structure of F k , a second LS fitting leads to ŝ k,u,p u=1,...,U,p=1 ,...,P = arg min {s k,u,p }u=1,...,U,p=1,...,P
which renders a simple decoupled D-Rake receiver for each user (see the appendix for a detailed derivation):
withF k,u ∈ C NL f ×L , u = 1, 2, . . . , U, being the submatrix corresponding to the uth user.
The D-Det receiver
Equation (14) can be rewritten as
By collecting the received data into a matrix, we have (23) and (24), the following LS fitting approach:
withŽ k−1 andŽ k ∈ C N×LUL f . We have assumed thatDD H is of full rank (the necessary condition is that LUL f < J) in getting (32). LetŽ
. . , L f − 1, and
which is similar to (25). Similar to (26), a simple D-Det receiver is given bŷ
whereZ k,u is the submatrix inZ k corresponding to user u defined in the same way as forF k,u shown in (27). Note that besides the Rake type combination of the delayed versions from each path, the D-Det receiver exploits the known information of the spreading sequences as well as their delayed paths deterministically. Hence the D-Det receiver outperforms the D-Rake receiver, especially for moderate to high SNR. Note also that the full rank assumption forDD H seems to imply that the D-Det receiver intrinsically has lower subscriber processing capacity than the D-Rake receiver. Yet this drawback is not serious at all since DS-CDMA systems usually work in quite light load conditions [16] . (We will see in Section 5 that when J = 63 and M = L = 2, even for U as small as 7 (using 14 Gold sequences), the BER curve for the D-Rake receiver will become flat at a relatively low SNR, which means that it is nearly fully loaded and cannot accommodate more users.)
The D-Det-DP receiver
Note that the noise and ISI term E k in (30) is not temporally white since the first L f − 1 columns contain the tails of the modulated space-time codes C k−1 . When the SNR is high, the ISI will dominate E k . We could add a prefix (also called a guard interval) to separate two consecutive space-time codes. In the demodulation, we simply need to de-prefix (discard) the prefix (the data in the guard interval) before demodulation. A similar approach, which we use herein, is to simply discard the first L f − 1 columns of Y k to obtainY k , wherȇ
. This deprefix approach works especially well if L f J since the information loss is very slight. Note thatȆ k is the white noise and hence the direct use of LS fitting gives the ML detector.
To decouple the detection of {s k,u,p } u=1,...,U,p=1,...,P like in the D-Det receiver, we have the D-Det-DP receiver aŝ
whereZ k,u is the submatrix inZ k corresponding to user u defined in the same way as forF k,u shown in (27) and
. . , L f . Again, we needDD H to be of full rank (the necessary condition of which is LUL f < J − L f + 1). Note that the D-Det-DP receiver avoids the effect of ISI by discarding the data samples corrupted by ISI and hence, as we will see in the simulation examples of Section 5, can offer better performance than the D-Det receiver.
NUMERICAL EXAMPLES
We present several numerical examples to demonstrate the performance of the proposed D-Rake, D-Det, and D-Det-DP receivers for DSTBC-CDMA systems. Two sets of examples are given in this section: D-Rake, D-Det, and D-Det-DP receivers for time-invariant channels as well as for time-varying channels. The DSTBC-CDMA based communications system considered herein is equipped with M = 2 transmit antennas and N = 1 receive antenna and employs the 2 × 2 space-time coding matrices, as described by (7) . QPSK constellation is used herein; hence R = 2 bits/sec/Hz. Unit-energy Gold sequences with length J = 63 are used as spreading sequences in all of the simulations. We choose L f = 3 and generate the channel vectors (channel matrices H l f becomes channel vectors h l f since N = 1) according to h H l f ∼ ᏺ(0, ρ l f I 2 ), l f = 0, 1, 2, with ρ l f being the signal power of the l f th tap. The attenuation between two consecutive taps is assumed to be 3 dB. Note that the SNR used herein, which is defined according to tap 0 for each user, is given byρ
When the time-varying fading is considered, the channel vectors h l f , l f = 0, 1, 2, change from one time sample to another, according to the Jakes' model [17] . Figure 1 shows the BER comparison for D-Rake, D-Det, and D-Det-DP receivers as a function of the SNR for timeinvariant fading channels when U = 7. Note that the D-Det receiver performs better than the D-Rake receiver, especially for moderate to high SNR. The reason is that the D-Det receiver not only employs a kind of combination similar to the Rake receiver, but also exploits the known information of the spreading sequences and their delayed versions deterministically, whereas the D-Rake receiver employs the Rake type combination only. We also note that the D-Det-DP receiver performs better than the D-Det receiver due to avoiding ISI, which dominates the noise and ISI term when the SNR is high. Figure 2 shows the BER comparison for D-Rake, D-Det, and D-Det-DP receivers as a function of the SNR for timevarying fading channels when U = 7. Again, the D-Det receiver performs better than the D-Rake receiver for moderate to high SNR and the D-Det-DP receiver performs better than the D-Det receiver. Note also that the demodulation schemes are quite robust against the (fast) timing-varying of fading.
D-Rake, D-Det, and D-Det-DP receivers for time-invariant channels

CONCLUSIONS
We have proposed a new spatial and temporal modulation scheme, referred to as the differential space-time block code modulation for DS-CDMA (DSTBC-CDMA) systems. The new modulation and demodulation schemes are especially studied for the down-link transmission for DS-CDMA systems operating in fast time-dispersive fading channels. We have devised three demodulation schemes, referred to as the differential space-time block code Rake (D-Rake) receiver, differential space-time block code deterministic (D-Det) receiver, and differential space-time block code deterministic de-prefix (D-Det-DP) receiver. Simulation results have shown that the D-Det receiver is superior to the D-Rake receiver in that the former offers lower BER for moderate to high SNR due to exploiting the known information of the spreading sequences and their delayed paths deterministically in addition to the Rake type combination. The D-Det-DP receiver offers better performance than the D-Det receiver due to avoiding ISI. Moreover, the superiority of D-Det and D-Det-DP receivers over the D-Rake receiver is not due to the number of transmit antennas and should be a better choice than the Rake type receiver for the case of only one transmit antenna as well.
APPENDIX DERIVATION OF THE DSTBC-CDMA RECEIVER
In this appendix, we give a detailed derivation of the DSTBC-CDMA receiver based on the following LS fitting approach: 
